Sperm morphology is highly diversified among species and at higher taxonomic levels. In birds, there is also increasing evidence of geographical differentiation in sperm traits within species, especially in those with strong sperm competition. Geographical divergences in sperm traits might imply the formation of a reproductive barrier in a speciation process. Here we study sperm morphology variation of willow warblers Phylloscopus trochilus in a geographical context in Scandinavia, across the range of two subspecies that are differentiated in certain genetic markers, morphology and migratory routes. We describe geographical patterns in genotypes (two previously described single-nucleotide polymorphism (SNP) markers and four polymorphic microsatellites); in wing length, tarsus length and body mass; and in sperm traits of 330 male willow warblers sampled at 33 localities across Norway (58o N -69o N). Birds were on average larger and longer-winged in the north (spp. acredula) than in the south (spp. trochilus), and showed a sigmoid change in the SNP allele frequencies and morphology around 65o N. We found no evidence of genetic structuring in the microsatellites. There was no geographical variation in sperm traits across Norway, except that sperm heads were on average longer in the south. Sperm head length was also associated with the two SNP markers, with longer sperm heads for the southern alleles, and midpiece length was weakly associated with one of the SNP markers. Similar among-male variances in total sperm length among the 33 sampling sites indicate uniform levels of sperm competition across Norway. We conclude that sperm morphology remains a rather undifferentiated trait between the two willow warbler subspecies in Scandinavia, which is consistent with a pattern of a shallow genetic divergence. This indicates that sperm Sperm morphology is highly diversified among species and at higher taxonomic levels. In birds, there 22 is also increasing evidence of geographical differentiation in sperm traits within species, especially in 23 those with strong sperm competition. Geographical divergences in sperm traits might imply the 24 formation of a reproductive barrier in a speciation process. Here we study sperm morphology 25 variation of willow warblers Phylloscopus trochilus in a geographical context in Scandinavia, across 26 the range of two subspecies that are differentiated in certain genetic markers, morphology and 27 migratory routes. We describe geographical patterns in genotypes (two previously described single-28 nucleotide polymorphism (SNP) markers and four polymorphic microsatellites); in wing length, tarsus 29 length and body mass; and in sperm traits of 330 male willow warblers sampled at 33 localities across 30
Norway (58 o N -69 o N). Birds were on average larger and longer-winged in the north (spp. acredula) 31 than in the south (spp. trochilus), and showed a sigmoid change in the SNP allele frequencies and 32 body morphology around 65 o N. We found no evidence of genetic structuring in the microsatellites. 33
There was no geographical variation in sperm traits across Norway, except that sperm heads were on 34 average longer in the south. Sperm head length was also associated with the two SNP markers, with 35 longer sperm heads for the southern alleles, and midpiece length was weakly associated with one of 36 the SNP markers. Similar among-male variances in total sperm length among the 33 sampling sites 37 indicate uniform levels of sperm competition across Norway. We conclude that sperm morphology 38 remains a rather undifferentiated trait between the two willow warbler subspecies in Scandinavia, 39 which is consistent with a pattern of a shallow genetic divergence. This indicates that sperm 40 morphology is not a reproductive barrier maintaining the narrow hybrid zone. 41 2009). The evolution of sperm morphology depends to a large extent on interactions between the 46 male and the female, as it is essential for males to match their sperm cells to the anatomy and 47 physiology of the reproductive tract of females of the same species (Gomendio and Roldan 1993; 48 Pitnick et al. 2003; Higginson et al. 2012) . Thus, divergent evolution in sperm morphology can be a 49 forerunner to reproductive isolation and speciation. 50
Passerine birds are an excellent study system for the evolution of sperm competition and sperm 51 morphology, due to the fact that they are generally promiscuous and therefore potentially subject to 52 post-copulatory sexual selection (Griffith et al. 2002) . Interspecific variation in sperm length is fairly 53 high, with mean lengths ranging from about 42 μm to 285 μm among 196 studied passerine species 54 (Immler et al. 2011) . Recent comparative studies of passerine birds have shown that high 55 evolutionary rates in sperm traits are associated with high levels of sperm competition (Rowe et al. 56 2015a) . In populations with competition for fertilisations, optimal sperm morphology is likely to be 57 important, and so sperm competition presumably acts as a force of stabilizing selection on sperm 58 length (Calhim et al. 2007 , Kleven et al. 2008 , Lifjeld et al. 2010 . Sperm competition appears to 59 minimise variation in sperm length among males in a population (Kleven et al. 2008) , which means 60 that the among-male coefficient of variation (CV bm ) is a good predictor for sperm competition in a 61 population (Lifjeld et al. 2010; Laskemoen et al. 2013a ). Thus post-copulatory selection on sperm 62 length appears to result in high interspecific variation but low intraspecific variation. Thus we see 63 two effects of post-copulatory sexual selection on sperm morphology: stabilising selection appears to 64 result in low variation within a population, but over evolutionary time, species tend to diverge due to 65 the fast evolutionary rates of these traits. 66
Intraspecific, geographical differences in sperm morphology are known from birds (e.g. Lüpold et al. 67 2011; Schmoll and Kleven 2011; Laskemoen et al. 2013a; Hogner et al. 2013; Rowe et al. 2015b) 1990; Gray 1996) and coal tit (Schmoll et al. 2003) are all known to have relatively high levels of 82 sperm competition, whereas the bullfinches appear to have relatively low or absent sperm 83 competition (Birkhead et al. 2006; Lifjeld et al. 2013) . It is therefore possible that the increased 84 selection pressure from sperm competition leads to faster sperm evolution and thus more 85 divergences among populations, which makes comparative sperm morphology in subspecies 86 complexes with high sperm competition an interesting topic for speciation research. 87
The willow warbler Phylloscopus trochilus is one of the most numerous bird species in Scandinavia, 88 and its distribution extends across the northern Palearctic from the British Isles to eastern Siberia 89 (BirdLife International 2013). In Scandinavia, there are two subspecies; trochilus in the south and 90 acredula in the north. They meet in a narrow contact zone between 62 o N and 63 o N (Chamberlain et 91 al. 2000; Bensch et al. 1999; 2002; 2009) , although the detailed mapping of the contact zone has 92 mainly been carried out in Sweden, with few sampling points in Norway. The two subspecies 93 represent two distinct migratory phenotypes, or "migratypes"; trochilus migrates to the southwest, 94
whereas acredula migrates via a south-southeast route (Hedenström and Pettersson 1987) . They also 95 spend the winter in different regions of sub-Saharan Africa (Chamberlain et al. 2000) . It is thought 96 that the two migratypes reflect the colonization of Scandinavia from two directions after the last ice 97 age; trochilus from the south and acredula from the north (Bensch et al. 1999; 2002; 2009) . The 98 migratypes differ genetically at the bi-allelic WW2 locus, which might be linked to genes associated 99 with migratory behaviour (Bensch et al. 2009 ). The narrow contact zone could in this way be 100 maintained through selection against hybrids with maladaptive migration direction (Bensch et al. 101 F o r R e v i e w O n l y 5 regions. In addition, there are also phenotypic divergences between the subspecies, i.e. in wing 112 length, body mass and plumage colouration (Fonstad and Hogstad 1981; Bensch et al. 1999) . On the 113 other hand, there seems to be a lack of genetic differentiation at neutral loci (Bensch et al. 1999; 114 2002; 2009) , which might indicate a rather recent divergence and/or high levels of gene flow 115 between the two subspecies. This was further elaborated by Lundberg et al. (2013) , who found that 116 out of 85 000 SNPs obtained from brain-derived cDNA, only 55 were highly differentiated between 117 trochilus and acredula, and they clustered in two chromosome regions. 118
119
The willow warbler has sperm cells of the corkscrew-twisted shape which is typical for passerine 120 spermatozoa, but in the lower size range (Lifjeld et al. 2010 , Immler et al. 2011 , also when compared 121 with other members of the Phylloscopidae family (Supriya et al. in review2016) . It has a socially 122 monogamous mating system with a high frequency of extra-pair paternity, ranging from 23% to 33% 123 extra-pair offspring in three studies in northern Europe (Bjørnstad and Lifjeld 1997; Fridolfsson et al. 124 1997; Gil et al. 2007 ). Given the general tendency for sperm cells of such species to evolve fast (Rowe 125 et al. 2015a) , one might expect to find differences in sperm morphology between the two subspecies 126 in Scandinavia. Recent comparative work on sperm evolution in passerine families has indicated that 127 evolutionary rates can be lineage-specific and may change over evolutionary time-scales 128 (Omotoriogun et al. 2016; Supriya et al. in review2016) . In fact, the latter study indicated that sperm 129 size differentiated relatively early in the evolutionary history of the Phylloscopidae, with subsequent 130 low rates of evolution. This would, therefore, predict low sperm differentiation between the two 131 willow warbler subspecies. Whether the two subspecies are actually differentiated in sperm 132
morphology has yet not been investigated. 133
This study has two main aims. First, we wanted to describe the genotypic (WW1, WW2, 134 microsatellites) and phenotypic (wing, tarsus, body mass) trait variation between the two subspecies 135 of willow warblers in Norway, and compare the intergradation zone to the one described in Sweden. 136
Second, we wanted to examine whether sperm morphology shows geographical variation and 137 especially if there is any differentiation in sperm traits between the two subspecies. warbler males, captured at 33 sites across Norway (Fig. 1) , i.e. sampling 10 males at each site. Males 142 were caught in mist-nets using playback of willow warbler song. We obtained sperm samples using 143 cloacal massage (as described in Laskemoen et al. 2013b) , collected the ejaculate in a microcapillary 144 F o r R e v i e w O n l y 6 and fixed it in a tube containing a 5% formaldehyde solution. We also measured wing length (n = 145 330), tarsus length (n = 300) and body mass (n = 328) along with a blood sample for DNA analysis (n = 146 330). 147
Sperm measurements 148
We were able to analyse 325 normal sperm samples. Five samples had no sperm cells or abnormal 149 sperm. For each sperm sample, a small aliquot of approximately 15 μl was applied on a microscope 150 slide, allowed to air-dry, and subsequently gently rinsed with distilled water and air-dried again. We 151 used a Leica DFC420 camera mounted on a Leica DM6000 B digital light microscope to obtain digital 152 images at magnifications of 160×. The morphometric measurements were conducted using Leica 153 Application Suite (version 2.6.0 R1). Head, midpiece, and tail (±0.1 μm) of ten intact spermatozoa per 154 male were measured by a single observer. Measurements by this observer have earlier been shown 155 to be highly repeatable (Laskemoen et al. 2013b) . Flagellum length was calculated as the sum of 156 midpiece and tail length, and total length as the sum of all three sperm components. Measuring ten 157 sperm cells per male has been shown to give representative estimates of an individual's mean sperm 158 length (Laskemoen et al. 2007 ). We calculated the coefficient of among-male variation in total sperm 159 length as CV bm = SD/mean*(1+1/4n)*100, where n is the number of males. We used this sperm CV bm 160 metric as an indicator of the level of sperm competition (Lifjeld et al. 2010) . 161
Genetic analyses 162
Genomic DNA was extracted from blood using a commercial kit (E.Z.N.A. DNA extraction kit, Omega 163
Bio-Tek, Inc., Norcross, GA, USA). Individuals were typed at four polymorphic microsatellite loci 164 (Table 1) . Loci were amplified with fluorescently labelled forward primers using multiplex polymerase 165 chain reaction (PCR). Multiplexing was performed with Qiagen multiplex PCR kit (Qiagen, Hilden, 166 Germany) following the manufacturer's protocol, but using a 10 µL reaction volume. Alleles were 167 separated using capillary electrophoresis on an ABI 3130xl Genetic Analyzer and sizes assigned using 168 GENEMAPPER software (Applied Biosystems, Foster City, CA, USA). Marker polymorphism was 169 calculated using GenAlEx (Peakall and Smouse 2012) and is presented in Table 1 . Genotyping of the 170 WW1 and WW2 bi-allelic markers followed previously published methods (Bensch et al. 2002; 2009) . 
Results

220
Geographical structure in genotypic and phenotypic traits 221
There was no indication of any substructuring in the willow warblers across Norway for the four 222 microsatellites. This is implied from the STRUCTURE results, where there is no evidence for K>1, as 223 K=1 is the most likely number of clusters (see Fig. 2a ). Further, the algorithms did not converge for 224 any K other than K=1 (Fig. 2a) . By applying the ∆K approach (Evanno et al. 2005) , K=2 was most likely 225 ( Figure 2b ). However, as ∆K makes no sense for K=1 and each individual is approximately 1/K 226 assigned to each cluster (Fig. 2c) , there is presumably no population substructuring at the loci tested 227 (Pritchard et al. 2010) . 228 WW1 and WW2 allele frequencies showed a strong north/south structure, with a clear shift in 229 central Norway (Table 2 ; Fig. 3a, 3b ). However, there was variation throughout the sampling area; 230 neither the extreme south nor north had 100% occurrence of the S and N allele respectivelyfor 231 example, at the most southern site (Storaker) there was 90% occurrence of the S-allele for WW1 but 232 only 65% occurrence of the S-allele for WW2, whereas at the most northern site (Olderfjord) there 233 was 85% occurrence of N-allele for WW1 and 95% occurrence of the N-allele for WW2 (see electronic 234 appendix for per-site data). The intergradation zone was at about 65 o N for both allele markers. This 235 is slightly further north than has been found in Sweden, where the zone is at about 62 o N -63 o N 236 (Bensch et al. 2009 ). WW1 allele frequency was related to elevation as well as latitude (Table 2) , with 237 northern alleles being more common at high elevation in southern Norway, which can be seen in Fig.  238 3a where the lighter areas correspond to mountainous regions of southern Norway. WW2 allele 239 frequency was not related to elevation (Table 2) . 240 (Table 3) , i.e. individuals were 241 larger and had longer wings in the north (Fig. 3c, 3d ). The intergradation zone for both wing length 242 and body mass was similar to the intergradation zone for the genetic markers. Body mass had a more 243 gradual cline than wing length. Body mass was also lower at high elevation, and higher when birds 244 were captured late in the day (Table 3) . Tarsus length showed no geographical pattern (Table 3) . 245 246
Geographical variation in sperm traits 247
Total sperm length (Fig. 4a) , midpiece length and flagellum length did not show any geographical or 248 clinal variation (Table 4) . R 2 values in the models approached zero which means that very little of the 249 variation could be explained by latitude or elevation (Table 4) . 250
Sperm head length was shorter in the north (Table 4 , Fig. 4b ), and was associated with the WW1 and 251 WW2 genotypes (Table 5 ; Fig. 5a , 5b) -i.e. birds that were homozygous for the S alleles at WW1 had 252 longer sperm heads, and the same for WW2. Based on the results of these initial analyses, a separate 253 ANCOVA was run with latitude, WW1 genotype and WW2 genotype as predictor variables, to 254 determine which of the predictors had the strongest association with sperm head length. WW1 255 genotype was significantly associated with sperm head length (F 3,317 = 3.56, p = 0.03), whereas WW2 256 genotype (F 3,317 = 1.03, p = 0.36) and latitude (F 3,317 = 0.55, p = 0.46) had no significant additional 257 effects. Latitude and elevation together explained only 2.3% of the variation in head length (Table 4) . 258
Midpiece length was shorter in individuals that were homozygous for the southern allele at WW1 259 (Table 5 , Fig. 5c ), although the mean difference was only 0.6 µm (69.2 for SS and 69.8 for NN). There 260 was no effect of WW2 on midpiece length (Fig. 5d) . None of the other sperm morphology variables 261 were associated with WW1 or WW2 genotype (Table 5) . 262
We found no significant heterogeneity in sperm CV bm of total sperm length among the 33 sampling 263 sites (Levene's test, F 32,292 = 0.88, p = 0.66). We also analysed the CV bm metric on a more regional 264 basis by merging study sites into larger groups and thereby increasing sample size for the CV bm 265
estimates. Three geographical zones were defined based on the location of the intergradation zone 266 of the other variables in the study (genotype, wing length, mass): south (< 63 o N, n = 166 males), 267 central (63 o N -67 o N, n = 79) and north (> 67 o N, n = 80). We found no evidence for a difference in 268 CV bm across these three zones (F 2,322 = 0.72, p = 0.49). CV bm for the south zone was 2.30%, the central 269 zone 2.07%, and the north zone 1.91%. There was also no difference in CV bm between WW1 270 genotypes (F 2,322 = 0.45, p = 0.64) nor between WW2 genotypes (F 2,318 = 0.07, p = 0.93). Sperm length 271 CV bm for the entire sampling area was 2.15%. 272 We found a clear population structure in certain genetic (WW1, WW2) and morphological (body 275 mass, wing length) traits. We also show that the WW2 marker has a similar geographical structure in 276
Norway to that previously reported in Sweden, although the intergradation zone is further north 277 (Bensch et al. 2009 ). However, despite this population structure, and despite high levels of sperm 278 competition (Bjørnstad and Lifjeld 1997), sperm traits of the willow warbler were largely 279 homogenous across the sampling area in Scandinavia. There was also a lack of structure in 280 microsatellites. However, there were associations between sperm head length and alleles at the 281 WW1 and WW2 loci, and between midpiece length and the WW1 locus. 282
The willow warbler is thought to have had only one panmictic glacial refugium (Bensch et al. 1999) , 283
and following the colonisation of Fennoscandia in a ring-like manner after the last ice age, the 284 migratory divide is considered a secondary contact zone (Bensch et al. 1999; 2009) . However, it has 285 been shown that the width of the contact zone is substantially smaller than expected assuming 286 random mating and no selection (Bensch et al. 1999; 2009) there is strong selection against hybrids across the migratory divide, we cwould expect to see signs 292 of differentiation at other rapidly evolving traits. Due to the high occurrence of extra-pair paternity in 293 the willow warbler (Bjørnstad and Lifjeld 1997; Fridolfsson et al. 1997; Gil et al. 2007) , sperm 294 competition is expected to be relatively high in this species, which could lead to rapid evolution in 295 sperm morphology (Rowe et al. 2015a ). However, we found no geographic structure in total sperm 296 length for the willow warbler. This means that it is unlikely that sperm morphology is maintaining the 297 narrow contact zone by acting as a post-copulatory, pre-zygotic reproductive barrier. This The 298 geographic homogeneity in sperm morphology indicates that there is little effect of latitude 299 (including related factors such as daylight hours, climate or migration distance) on total sperm length. although the reason for this separate evolution is unclear. It should be emphasized that head length 320 is a composite trait consisting of the acrosome and the nucleus, and that it is not yet possible to 321 ascertain whether the observed differences in head length is due to the length of the acrosome, the 322 nucleus, or both. Further analyses in this respect would require scanning electron microscopy (cf. 323
Rowe et al. 2015b). 324
The genetic structure of willow warblers in Fennoscandia has received interest previously due to the 325 presence of the migratory divide (Bensch et al. 1999; 2002; 2009; Lundberg et al. 2013; Larson et al. 326 2014) , between the southern migratype trochilus, which migrates southwest, and the northern 327 migratype acredula, migrating south-southeast (Hedenström and Pettersson 1987; Chamberlain et al. 328 2000) . Our results from Norway show a latitudinal geographic pattern in WW2 allele frequency, 329 corresponding to this migratory divide, which has previously been found in Sweden (Bensch et al. 330 2009), although the intergradation zone is slightly further north in Norway than was reported from 331
Sweden (~ 65° N versus 62° N -63° N). A similar geographic pattern has already been shown in 332
Norway and Sweden for WW1 (Larson et al. 2014) . The N-allele (northern allele) at WW1 also tends 333 to be associated with an adaptation to subalpine birch forest (Bensch et al. 2002; Larson et al. 2014) . 334
The WW2-locus, on the other hand, shows a latitudinal cline with no association with elevation. 
weather). 354
We found no evidence of geographical or clinal structure in sperm competition in the willow warbler 355 in Norway. The intensity of sperm competition appears to be fairly uniform across the study area, 356 which is consistent with current literature (Bjørnstad and Lifjeld 1997; Fridolfsson et al. 1997; Gil et al. 357 2007) . Our estimate of sperm competition using CV bm would correspond to an EPY rate of 23%, which 358 is also in the range of the existing EPY studies on the willow warbler in northern Europe (Bjørnstad 359 and Lifjeld 1997; Fridolfsson et al. 1997; Gil et al. 2007) . 360
361
Conclusion 362
Our results show that sperm morphology in the willow warbler is rather undifferentiated between 363 the two subspecies in Scandinavia, which are otherwise differentiated in certain genetic (the WW1 364 and WW2 loci) and phenotypic traits (wing length and body mass). The only exception is a weak 365 geographical structure in sperm head length, which appears to be associated with the WW1 and 366 WW2 markers, and a similarly weak association between midpiece length and WW1. We suggest that 367 the lack of differentiation in total sperm length is could be due to a very shallow genetic divergence 368 between the two subspecies. Our data also indicate that the level of sperm competition in this 369 species is consistently high across Scandinavia with no geographical trend. 370 given each number of clusters (K) and the corresponding variance, b) the rate of change in the log probabilities (∆K) for every K>1, based on the "Evanno method", and c) the assignment of the individual males grouped by the 33 sample sites to the two clusters at K = 2 (each cluster is represented by one colour). 50x87mm (300 x 300 DPI) 
